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Remarks 

Claims 1-10, 18-25, and 28-34 were pending in the subject application. Claims 5, 7, 22, 23, 
and 25 remain pending but withdrawn from consideration. Submitted herewith is a Request for 
Continued Examination (RCE) under 37 CFR §1.114 for the subject application. By this 
Amendment, claims 6, 7, 24, and 25 have been amended. Support for the amendments can be found 
throughout the subject specification and in the claims as originally filed. Entry and consideration of 
the amendments presented herein is respectfully requested. Accordingly, claims 1-4, 6, 8-10, 18-21, 
24, and 28-34 are currently before the Examiner for consideration. Favorable consideration of the 
pending claims is respectfully requested. 

Claims 30-34 are rejected under 35 USC §112, first paragraph, as lacking adequate written 
description, and under 35 USC §112, second paragraph, as indefinite. The Examiner objects to the 
language "root of said dendrimer" in the claims. The Examiner asserts that the subject specification 
does not provide adequate support for the claim language and that use of the term "root" renders the 
claims indefinite. Applicants respectfully assert that there is support for the claim language and that 
the claims as filed are definite. It is well accepted in the scientific literature on dendrimers that 
dendrimers have a "tree like" structure, e.g. , root and branches (see e.g. , N. Zacharopoulos and I. G. 
Economou, Macromolecules, 2002, 35:1814-1821). In fact, the word dendrimer comes from the 
Greek word "dendron" meaning "tree." Applicants also respectfully disagree with the Examiner's 
assertion that the root can be any anchor point on the dendrimer. In dendrimer literature, "root" has a 
specific meaning and pertains to the dendrimer core {i.e., the origin of the branching structure). 

The Examiner asserts under the written description rejection that the specification only 
describes the "root" of dendritic reagents. Applicants respectfully assert that this provides support 
for root of a dendrimer. The dendritic reagent is used to prepare the dendrimer and shares structure 
with it. Thus, the "root" of a dendritic reagent would be understood by the ordinarily skilled artisan 
to also refer to the "root" of the dendrimer. It is well settled in patent law that the language used in 
an amendment of a claim does not have to be disclosed word for word in a specification. In re 
Wilder, 222 USPQ 369, 372 (Fed. Cir. 1984) ("It is not necessary that the claimed subject matter be 
described identically, but the disclosure must convey to those skilled in the art that applicant had 
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invented the subject matter later claimed."); /" re Lukach, 169 USPQ 795, 796 (CCPA 1971)(". . . the 
invention claimed does not have to be described in ipsis verbis in order to satisfy the description 
requirement of §112."). In addition, the Patent Office guidelines for examiners make it clear that 
ex plicit written support is not required to meet the requirements of 35 USC § 1 12, first paragraph. 
("To comply with the written description requirement of 35 U.S.C. §112, \ 1, ... each claim 
limitation must be expressly, implicitly, or inherently supported in the originally filed disclosure." 
(emphasis added) See "Guidelines for Examination of Patent Applications Under 35 U.S.C. § 1 12, 
1, 'Written Description' Requirement," Federal Register Vol. 66, No. 4, pp. 1099-1 1 1 1, at page 
1 107, first column, lines 10-17). Thus, support for a claim limitation can be implicit or inherent in 
the disclosure of a patent application. Applicants respectfully assert that there is both explicit and 
implicit support in the specification for the term "root of said dendrimer moiety." Accordingly, 
reconsideration and withdrawal of the rejections under 3 5 USC § 1 1 2, first and second paragraphs, is 
respectfully requested. 

Claims 1-4, 8-10, 18-21, and 28 are rejected under 35 USC §103 (a) as obvious over Malik 
and Wang (WO 00/11463) in view of either Kim et al. (U.S. Published Application No. 
2002/0020669) or Neumann et al. (German Patent No. DE 19,621,741) and the PTO 03-679 
translation of Neumann et al. (German Patent No. DE 19,621,741). In addition, claims 6, 7, 24, 25, 
and 29-34 are rejected under 35 USC § 103(a) as obvious over Malik and Wang (WO 00/1 1463) in 
view of either Kim et al. (U.S. Published Application No. 2002/0020669) or Neumann et al. 
(German Patent No. DE 19,621,741) and the PTO 03-679 translation of Neuman et al. (German 
Patent No. DE 19,621,741) and further in view of Newkome et al. (U.S. Patent No. 5,703,271). 
Applicants traverse these grounds of rejection. 

Applicants respectfully assert that the claimed invention is not obvious over the cited 
references, regardless of whether the references are taken alone or in combination. The present 
invention is not obvious over the cited references since conventional dendrimers lack a sol-gel-active 
root. If a person were to use a conventional dendrimer {i.e. , one without a sol-gel-active root in its 
structure) in the sol-gel system taught by Malik and Wang (WO 00/1 1463), the dendrimer will not 
chemically bond to the sol-gel matrix. A capillary column coated with such a sol-gel matrix will not 
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be effective as a stationary phase or as an extraction medium since the dendrimer molecules will be 
washed off the capillary column during any rinsing with solvents. 

As noted above, conventional dendrimers do not possess a sol-gel active root and none of the 
cited references teach how to prepare dendrimer with a sol-gel active root. Applicants note that the 
Neumann et al. patent first derivatizes the silanol groups on a silica surface with sol-gel-inactive 
groups (e.g., amine) leaving essentially no accessible silanol groups to participate in the sol-gel 
reactions for covalent attachment of the sol-gel dendrimer coating to the silica surface. Therefore, if 
the teachings of the Malik and Wang publication is applied to the derivatized surface of the 
Neumann el al. patent, the created sol-gel coating will not be chemically bonded to the fused silica 
surface (few accessible silanol groups after derivatization) resulting in an unstable coating which will 
be easily washed off the substrate during treatment or operation. Clearly, a person of ordinary skill 
in the art having considered the cited references would not arrive at the sol-gel dendrimer capillary of 
the present invention where the sol-gel dendrimer coating is covalently bonded to the sol-gel 
substrate on the fused silica capillary surface. 

The Kim et al. publication derivatizes the dendrimer' s exterior functional sites - not the root. 
If the dendrons of Kim et al. (with derivatized exterior functional sites) are used to prepare a sol-gel 
dendron capillary column following the teachings of Malik and Wang, it will lead to one of the 
following two outcomes depending on whether the derivatized arm of the dendrimer is sol-gel-active 
or not: 

(1) If the derivatized arm of the dendron is not sol-gel active, it will lead to a capillary 
column where the dendron is not chemically bonded to the sol-gel substrate of the created stationary 
phase coating, and therefore, this physically held dendron will be easily washed off or lost during 
capillary preparation, conditioning, or operation. 

(2) If the derivatized arm of the dendron is sol-gel active, it will lead to a stationary phase 
where the dendron is attached to the sol-gel substrate by the crown (not by the root) since the 
derivatization is carried out on the exterior functional sites. Such architecture of the sol-gel dendron 
stationary phase is undesirable since it will drastically reduce the number of terminal functional 
groups on the dendron available for interaction with the analyte molecules. This is in direct contrast 
with the present invention where the dendron can be chemically attached to the sol-gel substrate by 
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the root, thereby exposing all the terminal functional groups on the dendron for effective interaction 
with the analyte molecules. Thus, a person of ordinary skill in the art would not arrive at Applicants' 
claimed invention when considering the teaching of Malik and Wang in conjunction with the 
teaching of the Kim et al. publication. 

The Examiner states that the word "crown" does not appear in the Kim et al. publication. It 
is evident through the disclosure in the Kim et al. publication that the point of attachment is through 
that portion of the dendrimer known in the art as the "crown" of the dendrimer. As Applicants have 
explained, the structure of a dendrimer can be described using well-accepted terms in the dendrimer 
art. "Crown" is one such term. The molecular structure of a dendrimer as understood in the 
dendrimer art was discussed in Applicants' Amendment dated January 14, 2008. Thus, it is 
irrelevant that the word "crown" does not appear in the Kim et al. publication. A person of ordinary 
skill in the dendrimer art would understand the meaning of the term and would understand that in the 
Kim et al. publication, the point of attachment is through the dendrimer crown. 

The Examiner further asserts in the Office Action that the word "root" is not considered to be 
specific to any particular orientation. As noted previously herein, the term "root" does not apply to 
"any point" of attachment of the dendrimer to the sol-gel. Rather, the term "root" refers to a specific 
part of the dendrimer structure. 

The Examiner further asserts in the Office Action that "page 9, line 10 of the remarks would 
appear to ascribe a more particular meaning to root because conventional dendrimers lack applicants' 
particular root." The Examiner concludes that the "specification lacks support for both roots in 
general and particular roots." Applicants are unclear as to what point the Examiner is making and 
how it relates to the obviousness rejection. 

Applicants respectfully assert that the Newkome etal. patent does not cure the deficiencies of 
the Malik and Wang publication, the Neumann et al. patent or the Kim et al. publication. The 
Newkome et al. patent does not teach or suggest how to chemically bind an isocyanate monomer- 
based dendron to a sol-gel substrate by the dendron root. Thus, the Newkome et al. patent suffers 
from the same failings as the Neumann et al. patent and the Kim et al. publication. 

In addition, Applicants note that the methods described by Neumann et al. and Kim et al. for 
the preparation of dendrimer stationary phases are lengthy, requiring days and even months as 
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opposed to a few hours required by the present invention. For example, on page 7 of the English 
translation of Neumann et al. , the author describes a method that requires 50 (fifty) days just to 
complete the chemical reactions for the preparation of a dendrimer stationary phase. Additional time 
will be required for washing, drying, packing, and conditioning of the stationary phase particles. By 
comparison, the present invention requires only a few of hours for the preparation of a capillary 
column from start to finish (including in situ synthesis of the sol-gel dendrimer stationary phase, 
covalent binding of the stationary phase onto the inner walls of a fused silica capillary as well as 
washing, purging, and thermal conditioning of the coated stationary phase). 

As the Examiner is aware, it is well established in patent law that in order to support a prima 
facie case of obviousness, a person of ordinary skill in the art must generally find both the suggestion 
of the claimed invention, and a reasonable expectation of success in making that invention, solely in 
light of the teachings of the prior art and from the general knowledge in the art. In re Dow Chemical 
Co., 5 USPQ2d 1529, 1531 (Fed. Cir. 1988). One finds neither the suggestion, nor the reasonable 
expectation of success, of Applicants' claimed invention in the cited references. Accordingly, 
reconsideration and withdrawal of the rejections under 35 USC § 103(a) is respectfully requested. 

It should be understood that the amendments presented herein have been made solely to 
expedite prosecution of the subject application to completion and should not be construed as an 
indication of Applicants' agreement with or acquiescence in the Examiner's position. 

In view of the foregoing remarks and amendments to the claims, Applicants believe that the 
currently pending claims are in condition for allowance, and such action is respectfully requested. 

The Commissioner is hereby authorized to charge any fees under 3 7 CFR § § 1 . 1 6 or 1 . 1 7 as 
required by this paper to Deposit Account 19-0065. 
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Applicants invite the Examiner to call the undersigned if clarification is needed on any of this 
response, or if the Examiner believes a telephonic interview would expedite the prosecution of the 
subject application to completion. 



Respectfully submitted, 

Doran R. Pace 

Patent Attorney 

Registration No. 38,261 

Phone No.: 352-375-8100 

Fax No.: 352-372-5800 

Address: Saliwanchik, Lloyd & Saliwanchik 
A Professional Association 
P.O. Box 142950 
Gainesville, FL 32614-2950 
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Introduction 

DendiwK ■ i < i • ' 1 branched 

polymers, with segments between branch points (spac- 
ers) comprising relatively short chains. Their treelike 
structure is formed by a stepwise, iterative reaction 
sequence of the functional groups in each generation 
starting from and radiating m i from a smaller, multi- 
functional initiator core molecule from which the main 
brandies or dendra emanate. 1,2 When the recursive 
process leads to complete shells for each generation, 
monodisperse polymers are fabricated that have a 
defined number of end groups, and their size and 

i i I M( ' I tin >c sjici i ill\ n : l i 111 I 
Dendrimers find potential use in nanoscale catalysis, 
as micelle mimics, supramolecular building blocks, 
molecule encapsulation and delivery agents, etc. 3 A key 
aspect in all these applications is the understanding of 
the molecular structure, particularly the end group 
distribution within the dendrimer molecule, information 
needed to guide the design and synthesis. 

The location of the terminal groups has been a point 
of controversy in the literature "darting with the study 
of <le Gennes'and Heave! ' 1 who made I he assumption of 
fully extended branches with the end groups on the 
periphery of the molecule predicting a limiting genera- 
tion due to steric hindrance. The congestion at the 
surface is due to the fart that (he number of end groups 
grows exponentially with generation while the surface 
i * .1 i Mil i n , >ih , a litis (proportional to 
the generation in the fully extended model) squared. The 
pi t i ili i d grou; In n h perij ry is 

si l.pol li'i 1 In \ ' i' ' i" !ii i J i ii i 1 ll em 

studies based solely on radius of gyration data have 
been shown to be inconclusive. 6 In addition, resonance 
techniques are limited in their ability to resolve the 
resonances from the many unique but very similar 
groups in the molecule. So far, conventional 1-d NMR 
data 78 have provided evidence of proximity of the 
terminal groups to the dendrimer core. Recently, a 3-d 
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demokritos.gr. Telephone; ++ 30 1 6503963. Fax: ++ 30 1 
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Figure 1. Schematic representation of the model PPI Gl 
dendrimer. The metirylene groups are treated as united atoms. 

NMR technique was used to separate the overlapping 
H resonances from the core, interior and exterior 
i- I i,l i ( 1 ' n ijis of third generation poly(propelene 
imine) (PPI) dendi imei ■> ' i'im h ill tn> lot experi- 
mental data on the arrangement, of dendra without the 
need to resoi t it i< technique, 

it was shown that PPI dendrimers assume different 
conformations in polar and nonpolar solvents. 95 Simula- 
tions and theoretical models applied to dendrimer 
solutions, for the most part, produce an even distribu- 
l] .1 < • t id io if ili i ,i i id a 
density pto > \ i 1 ' o i the core. 10 15 

In ii i i i iii i i (ttrai 

features of a widely studied and commercially available 
dendrimer, namely PPI formed of a binary core of 1,4- 
diaminobutane, to obtain detailed information on the 
size and internal organization of the molecule. To this 
end, we employ mole, ii!,- <Jv .jimm .il i a, idea on- 
ol lh" dt uh on i n ■ a In i a i 

force field to account for the interactions. To out- 
knowledge, this is the first published work on atomistic 
simulation of dendrimer melts. Melt properties will be 
used as reference in future studies of solution properties 
for the same dendrimer in lif , Vents 
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Table 1. Parameters of the DREIDIN G Force Field" for the Atoms Examined in This Wor k 

bond stretching"' bond bending* 



Vkcal/mol/A 2 ) 



0°(deg) 



Ao,(kcal/niol/rad 2 ) 



/,(A) 



0 330 
0,702 
0.770 



700 
700 



3.1950 



" For 0°, = 180°, the bending 
= 2.0 kcal/mol, n, = 3, $ = ' 



(ifi -i- <7,).'2. Torsion: s;v so 1 : fc ; 

Simulation Details 

All simulations presented in this work were per- 
formed using the Cerius 2 software package of Accelrys 
Inc. (previously known as Molecular Simulations Inc.). 
Figure 1 shows a schematic representation of the 
molecular model for a first generation PPI dendrimer. 
The DREIDING force field 16 was used to describe the 
intra- and m ecu! ii a Hons It has the fol- 
lowing general form: 



E = ~ jjj k b jjb i -bf) 2 + - £ keffios di- 
et* 0'])'- + - Y kAl - -- 0 ( ;)]} + 
2 i ' 

™ 2 N 6 ] (1) 



The first; three terms in the sum account for bond 
stretching, bond bending, and dihedral angle rotation 
around the equilibrium values tP, 0°, and if>°, respec- 
tively. The last term accounts for the nonbonded disper- 
sion interactions expressed by the Lennard-Jones po- 
tential; a cutoff distance of 1.0 run is used, with a cut- 
in distance for a spline switching method set to 0.9 nm. 
; he i ons i < it (K; nri geometric parameters in DREIDING 
are defined with consideration to the hybridization of 
the atom types rather than the specific combination of 
atoms. In this work, methylene groups are treated as 
united atoms This ij 'ik-oi co nputational 

time significantly without, reducing the accuracy of the 
! i{ 1 i i 1 1 iii i i i i iei for the 
relevant atom types are presented in Table 1. Periodic 
boundary conditions were used to simulate the melt, 
with the system size kept at around 2500 interaction 
siles. In this i\ mails of 36, 17, 8, and i molecules 
were examined for generations 2, 3, 4, and 5, respec- 
tively. The initial system density was chosen to be 1.06 
g/crn 3 , yielding a simulation cell edge of about 25 A. 
in all cases, the energy was initially minimized using 
, U f«.l . , i .mi i. J( v d * U ') ' 

5000 steps of conjugate gradient to relax the structure, 
1 1 ( on H e .is I i ii , i ' io miul 1 annealing 
of five repeat cycles from 400 to 700 K and back, in steps 
of 50 K, spending 2 ps in each step under NTT 
conditions (with pressure equal to 1 atm) to release the 
molecules from potential configurational traps or initial 
biases. The energy was minimized at the end of each 
i cl i moid tlai mechanics The ensuing 
NPT MD simulation consisted of a 100 ps long equili- 
bration run, followed by a data collection run of 400 ps 
at 400 K and 1 atm. The integration time step was 
chosen to be 1 fs while trajectory data were stored every 



180.0 100/(sinc7,r 
106.7 100/(sin<$ 2 
109.471 100/(sin$ z 

in eq 1 is kg, (1 + cos (h); !<„, = 100 kcal/mol/rad 2 . < 
sp 3 -sp z : A*, = 1.0 kcal/mol, n t — 6, $ = 0°. 
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4.0677 



0.0774 
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Figure 2. Autocorrelation function of the squared radius of 
gyration. 

100 time steps. The simulations proceeded at. a rate of 
approximately 14 min of CPU time for each simulated 
ps on a SGI Indigo2 R10000 processor at 195 MHz. 

Results and Discussion 

The relaxation process described above resulted in 
stabilizing the energy and the radius of gyration, R % , of 
the dendrimer, averaged overall molecules. Equilibrium 
values were reached within the first 50 ps. To examine 
the relaxation of dendrimer molecules, the autocorre- 
lation function of the squared radius of gyration, CrJJ), 
was evaluated from the expression: 



CM 



_ <(j? g 2 (a-(i? g 2 ))(/? R 2 (o)-<^ 2 ))) 

<Ay> - (R P 2 f 



Results are shown in Figure 2 for the four general ions 
considered. From these data, a relaxation time, f# g , 
where Q' g te K ) = 1/e, is calculated. The Rvalues calcu- 
lated were 24 ps for (72, 29 ps for C'3, 20 ps for G4 and 
45 ps for G5 dendrimer. With the exceptic 



■ that, the 



Ith 



generation, in accordance a 1st 
studies. n G4 represents the 
extended growth of the brai 
available for large-scale mar 
resizing, as will be further e 
MD simulations by Mural, 
solutions where the solveni 
resulted in relaxation times 
range 25-70 r, going from j 
where r = a{w/ej 1/2 is the natu 
of the average values for a, i 

the model considered here yields a relaxation time of 
45-125 ps. Although quantitative comparison i 



for the atom types i 
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lossible b i the molecular model used by Murat 
and Grest is different than the model used here, the 
agreement between tlx; two sets of simulation is con- 
sidered acceptable. 

For all the systems examined here, the production run 
was divided into blocks of 80 ps. In the figures that 
follow, the data points represent the average and the 
error bars the standard deviation of the five blocks. The 
values reported here correspond to averages over all 
dendrimers included in the melt of the respective 
generation. 

Typical equilibrated conformations of the four den- 
drimer generations examined here are shown in Figure 
3. The different colors represent the four dendra stem- 
ming from the two ends (roots) of the dendritic core 
(gray), whereas the hydrogens of the end-groups are 
depicted white. As the generation number increases the 
molecule becomes more compact, and the dendra, sub- 
dendra, etc. turn inward, exhibiting a behavior funda- 
mentally different from that observed for the lower 
generations characterized by extended branches. In 
addition, beyond the second generation there is a 
departure from the nearly two-dimensional shape, 
progressing from a tetrahedral (at the third generation) 
toward a more spherical spatial organization at the 
1 igli< r genet ion fl t hange in shape is reflected on 
the relative shape anisotropy, /c 3 , defined as 17 




(3) 



where I, and h are i he first and second invariants of 
the radius of gyration tensor. This quantity assumes 
values between 1 (for a linear array of atoms) and 0 (for 
shapes of high 3-d symmetry). As shown in Figure 4, 
tin i ml i i i 1 1 iii mi 1 1 i for 

planar arrays) for second generation dendrimers and 
pi ogressiveh <\ ■ i as< > for higher generations (except 
for a small rise at (74, within rhe stat istical uncertainty). 

The overall dendrimer shape is inherently linked to 
the arrangement of the dendra within the molecule. To 
elucidate the internal structure of the dendrimers, we 
first analyzed their local conformation by examination 
of the dendron expansion pattern . More specifically, we 
measured the relative expansion, S. of sequential spac- 
ers by taking the projection of spacer vector I m+i on 
spacer vector I m (as defined graphically in the inset of 
Figure 5), where m and m + 1 are sequential branch 
points, normalized by the theoretical spacer length, I 



0.25 




generation, G 

Figure 4. Relative shape anisotropy (see text) as a function 
of dendrimer generation. 

0.50 | , , , 1 



0.45 




branch point generation, m 

Figure 5. Spacer expansion, S, defined as the projection of 
vector Jm+i on vector I m , normalized by the all-trans spacer 
length, as function of branch point generation, m, for G2 
through G5. 



in an all-trans confc rm > 1 n in il i 




(4) 



The spacer expansion, incorporating the effects of 
bond and torsional angles and of bond length on spacer 
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expansion, is plotted against the index of the common 
branch point, identifying the generation number m 
within the dendrimer, or the topological distance (in 
spacers) of the branch point from the respective root. 
Vector Jo is the end-to-end vector of the initiator core 
ol i 1 direction is taken such that it is always 

in a head-to-tail connection with the respective Ii. A 
similar analysis has been performed in the theoretical 
study of Ganazzol i et al. lh for dendrimer solutions based 
on a more co< i . i . i : , a ■ : model than the one here, that 
s freely jointed chain II k 1 ni natio their 
case was exj esst i as Ik . sla: producl of sequential 
i ii i in ni n 

\ I I , , 1 1 1 j ' i 1 1 1 f cm a [,< ,b,K 
expansion was found for the case of a one-bond long 

to larger values along the ordinate with generation 
number G due to increased crowding of the end groups, 
f'hi uj'uiat|m.tui i ( a ; largely owed to the 

iff bond o coi cutivt branch points and, 

as an average trend, persists even in the case of the 
slightly less rigid two-bond-long spacer. 

The results of Figure 5 show the departure from 
regularity due to the i ,t> Me lour- bond spacers. 
In all but the highest, generation G. the expansion shows 
a relative increase as we move up the dendron in 
generation m, as spacers are forced to expand in a more 
confined environment, 'This is in agreement with the 
general concept of de Gennes and Hervet in which the 
spacers closer to the core are less extended than the ones 
near the periphery 4 (however, in our case, the proximity 
is topological not spatial). Moreover, the values for the 
three lower generations G are very close (hinting to 
similar internal structure). The only anomaly observed 
is in the low expansion of the first spacer of G3. Steric 
congestion on the plane forces the third generation to 
expand into the third dimension which for this genera- 
tion is considerably open. The dendrimer assumes a 
struct u re i 1 u t i <<jnbh». i I d ron by tors ion of the 
bonds in the first spacer. This shape, observed elsewhere 
in the literature, 1849 brings apart most efficiently branch 
points of higher m. In generation G4, the tetrahedral 
organization leads to crowding, and higher symmetry 

lllhil HSilifldlDl I II I II I it 

button of spacer expansion along the dendron. Extended 
spread of dendra is no longer sustainable in G5 den- 
drimers, thus producing a back-folding which is mani- 
fested as bending at the branch points of m—2 and m 
1 I Ins In ii. in !•,,( id % i il k in the conformation 
of GS of Figure 3 by tracing the succession of spacers 
leading from the core to the terminal group depicted 
orange. The initial spacer assumes a more extended 
conformation than at lower (7. thereby forming an inner 
cavity where the back-folded branches are accom- 

The spat iai arrangement of branch points as a func- 
tion of then fopologit di H Imm the respective root 
is presented in Figure 6. For the lower dendrimer 
.mi ii ii i in i i Inch the branchpoints expand 
from the center of mass as a function of branch point 
generation, m, shows an increase up to rn = 2 and then 
starts to drop. In the case of G5 dendrimers this rate is 
. ui 1 , am function of the topological 
distance. Furthermore, comparison of the curves of GZ 
and G5 alludes to similar extended growth of initial 
spacers relative to the more confined expansion of G3 
and G4. This extended organization in the case of G2 is 
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0 1 2 3 4 5 

branch point generation, m 



Figure 6. Branch point distance from the center of mass as 
a function of topological distance from the core for generations 
GZ through G5. 




c ' 0.0 1,0 2.0 3.0 



distance, r[nm] 

Figure 7. Normalized distribution of end groups as a function 
of distance from the center of mass for GZ through G5. The 
arrows point to the position of the radius of gyration of the 
respective dendrimer generation. 

due to the a b I ■ .;> >i . m the case of 

65 it arises out of a »u t •, * nut nig adequate 
available space to host the. back-folded branches. 

Further information on the arrangement, of dendra 
within the dendrimer molecule can be obtained from the 
distribution of end groups, normalized by the number 
of end groups in each generation, as a function of core 
distance, presented in Figui c / 1 > a< * < 
to tin I i 1 1 t ii i i 1 1 n i i. i i id mi i 
i ui 1 nb iii lit. ( r i 

decreasing distance from the radius oi gyrauoi ol the 
dendrimer (marked with arrows). Moreover, the transi- 
tion from extended to inward bent branches is evidenced 
by the change in distribution from unimodal at lower 
6 to trimodal at 65. The bulk of the end groups is still 
inhabiting a shell in the vicinity of R g , but there is 
considerable increase ,n v. m . >' i > a anp.un 
and in the inner regions of the dendrimer. Although 
dendrimers with G > 5 were not investigated in the 
present study, we expect that, for higher generations 
the region around Rg will become depleted of end groups, 
giving rise to a bimodal distribution with end groups 
placed close to the core and on the surface of the 
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distance, r[nm] 



Figure 8. Normalized distribution of end groups for a single 
G5 dendrimer as a function of distance from the center of mass 
averaged over three separate periods of the simulation run. 
The curves are relatively displaced along the vertical axis by 
0.5 for clarity. 

molecule. 20 Figure 8 shows the distribution of end 
gioupsku a ,i < i i< i. h imer averaged over the first. 
10, 200-300, and 400--500 ps. The three curves are 
relatively displaced along the ordinate by 0.5 for clarity. 
As the structu c rcki h rli 1 1 ibution departs from 
the energetically unfavorable high concentration around 
R s , and the dendra self-organize into the trimodal state. 

The radial number density distribution of the entire 
dendrimer molecule is depicted in Figure 9a. The 
density is calculated by drawing concentric spheres 
around the center of muss, incrementing the radius by 
0.01 ran, and counting the number of segments within 
a spherical shell. The curve corresponding to GZ exhibits 
a monotonlc decrease, briefly interrupted by a shoulder 
around the position of the m = 0 branch point (cf. Figure 
6). The shoulder is revealing of the branched architec- 
ture and of the extended conformation of the dendra at 
GZ. The density for the higher generation dendrimers 
is characterized by a drop at distances very close to the 
center of mass, followed by a sharp rise. This behavior 
is due to the higher degree of space filling beyond GZ. 
The transition from the lower to the higher density 
values narrows and sharpens substantially at G5 as a 
consequence of back-folding. In addition, there is a 
region of small slope density drop, spread over the range 
of the first mode in the distribution of end groups 
(compare to Figure 7). The contribution of the final m 
generation to the overall density is readily captured in 
Figure 9b which shows the end group number density 
distribution. Finally, we note in Figure 9a that ail Gs 
seem to pass through the same density at around 0. 1 67 
nm, a value close to the theoretical bond length (0.153 
nm). 

The results for the complete density profile are in 
qualitative agreement with mean field models, 21 lat- 
tice 12 ' 13 and hat d spiv . ' _ailo simulations, and 
coarse 1 1 and atomistic 8 - 20 - 23 MD simulations. All these 
studies predict that dendrimer density decays outward 
from the center of mass with terminal groups distrib- 
uted all throughout the molecule. However, only the MD 
studies reported evidence of multimodal distribution of 
end groups, in most of the literature data above, the 
en 1 1 e segment density of the terminal m generation was 
computed, rather than the isolated end group density 




distance, r[nm] 



0.004 

■c 

& 0.003 



j§ 0.002 
E 



b A 


G2 

G3 

- G4 




G5 







distance, r[nm] 

Figure 9. Radial number density distribution of (a) the entire 
molecule and (b) the end groups for generations Gl through 
G5. 

reported here. Therefore, inherent peaks in the density 
might have spread out over a wider range of distances 
accounting for the deiocalized nature of an entire 
terminal spacer. 

From the MD results, the amount of overlap of the 
four dendra within the dendrimer molecule was calcu- 
lated. The dendrimer volume was divided into cubic cells 
of edge length 0 4 nru with the ri con . H 
center of mass. The occupancy of the cell identified by 
the indices A by an atom belonging to dendron a (a 
ranging from on >i >u i i ■. *' !• i i > ' ;,/ A}, and can 

r 1 h 0 i i 
overlap, O t , is determined from 

2 {«*}«*/! 

O t = (5) 

UJ,k}a=p 

where tin average arc n 1 all onfigui ions and 
takes vahn x (til 1 u 

to a procedure introduced by Murat and Grest, 11 the 
main difference being that, n then w< 1 - t 1 r - 
takes place outside the product. Averaging over the 
occupancy of a cell by each of the dendra separately and 
then calculating the product can lead to erroneous 
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generation, G 



Figure 10. Total dendron overlap as a function of dendrlmer 
generation. 

results, since overlap is defined as the simultaneous 
occupancy of space: the occupancy events are not 
independent. The quantity described h\ eq 5 varies 
between complete overlap, when there is coexistence of 
all dendra contributing .i !< r,t ,> •> <■■.: am each in every 
occupied cell, to complete segregation, when cell oc- 
cupancy is owed exclusively to atoms of a single den- 
dron. As shown in Figure 10, t i 1 1 . > ... IIH I i ' \ '!'! 
G, and apparently reaches a plateau. This behavior is 
consistent with the picture of the dendrimer molecule 
assuming a compact spherical shape at higher genera- 
tions, with the dendra interpenetrating at the surface 
(G4) and/or close to the core because of back-folding 
(G5). The trend followed here is the reverse of that 
observed by Murat and Grest for the case of dendrimer 
solutions, 11 mainly due to the difference in the methods 
used to calculate overlap. As the generation increases, 
the motion of individual dendra in an ever more 
confined environment leads to a decreased coverage of 
overall volume, i.e., to a decreased occupancy by each 
dendron. However, the number of cells that host seg- 
ments of different dendra increases in denser surround- 
in; s; i.< rtual di i !i >n n> 1 1 „i < ■ , , Along the 
same lines tin conjectu I vr l iel that dendra 
should ovei I. i at h hp i < t mm is corrobo- 
rated, by our results. 

To locate dendron overlap within the molecule, we 
evaluated the radial overlap 0{r) in a manner similar 
to O t summing only over the cells that lie at a discrete 
distance r from the center of mass 11 



2 ujwfi 



This quantity is plotted in Figure 11 for the four 
generations examined lo\ I ward the outside of the 
molecule the dendra become completely disentangled 
either monotonically with distance (G2, 63), or with 
intermediate kinks at the periphery (G4) and/or close 
to the core (Co) corresponding to localized overlap. In 
particular, the low initial value of G5 reflects the 
extended conformation of the m = 1 spacer (cf. Figure 
He the maxin ' hisgei ionoccu 




distance, r[nm] 



Figure 11. Radial dendron overlap for generations GZ 
through G5. 




generation, G 



Figure 12. Total dendrimer overlap as a function of den- 
drimer generation. 

around the first mode in the end group distribution 
where the density is highest (cf. Figures 7 and 9b). 

The picture of overlap is completed with an analysis 
of the Interpenetration of the dendrimer molecules. A 
method similar to the one described above was used, 
with total dendrimer overlap. I\, being calculated by 
summation over all dendrimers of the averages of the 
product V-'a^a, where y; A is the occupancy of a cell by 
dendrimer A and the net u i a same cell by 

any dendrimer other than A 

X 2>a<Pa> 

A-^ (?) 

X 2>av a > 

t/'A and q>A are assigned the values 0 or 1 reflecting the 
absence or presence of dendrimer segments, respec- 
tively. The results of this analysis are depicted in Figure 
12 as a function of the generation number. The trend 
followed is the reverse of that d i ai n>l'"i 
overlap, with interpenetration decreasing with increas- 
ing generation. This result is expected on the basis of 
the previous discussion of dendrimer compactness at 
higher generations. Investigation of the localized den- 



1820 Zacharopoulos and Economou 



Macromolecules, Vol. 35, No. 5, 2002 




Figure 13. Radial dendrimer overlap for generations G2 
through 65. 

drimer overlap as a function of the reduced distance 
from the center of mass of dendrimer A shown in Figure 
1 3 reveals a very similar behavior for all generations, 
demonstrating a monoiunic increase toward the periph- 
ery of the molecule. The higher value for 62 at small 
distances is owed to the considerably more open and 
nearly flat structure of the particular generation. 

The dendrimer melt adapts well to the study of the 
scaling behavior as it produces conformations resem- 
bling the ones that result from the © state. Chen and 
Cui, 25 who conducted Monte Carlo simulations on a 
model of freely rotating rigid bonds, observed that the 
scaling regime shrinks with increa'-lng genera! ion. They 
concluded that the correct sf.;l in ■ -..fin Jm , higa 
G dendrimer can, in fact, be obtained by reducing the 
effects of excluded volume (close to the 0 point) . Figure 
14a shows the variation in the radius of gyration as a 
function of generation number compared to SANS data 
of PPI in 1% v/v in D 2 O. Z0 Although simulation results 
are generally in reasonable agreement with experimen- 
tal data, the deviation from experiment increases with 
generation number in accord with trie MD results by 
Scherrenberg et al. 20 The simulation data are plotted 
as a function of segment number, N, on a log-log scale 
in Figure 14b, along with the experimental results. The 
solid line is the best fit to a power law dependence with 
an exponent equal to 0.29. This scaling exponent, 
altli nigh highei 1 n li is predi ed by I hi i 1 1 ci 
earlier simulation, 10 is in excellent agreement with the 
results of Mansfield and Klushin 1 ' 2 (0.29 for their 
"augmented" dendrimers) and of Murat and Crest 11 
(0.29 for 7'= 0). Last, we note that the size of phantom 
dendrimers may be calculated analytically by means of 
the Wiener index.'- 1 ' This is a topological invariant of a 
molecular graph of n vertexes that is related to the 
unpurmbed radius if g jtton b \\{n) = iY(R/t z ), 
where /is i he bond length. Using the analytical form of 
the Wiener index for monocentric dendrimers 27 together 
with an avci g< v ine foi he bond length « estimate 
a dependence of ihe radius of gyration, R % « Ac 1 - 31 . The 
s ilin ! xp !!- nt is i en -dose to the value of 0.29 for 
our dicentric dendrimer for which the Wiener index 
differs only by a fairly constant: multiplier. 28 

Finally, the fractal dimension of the dendrimer in 
each generation was calctdated from its respective 
number density profile, p.v(r) (Figure 9a), using the 




generation, G 



• simulation 
Q SANS, 1% v/v 



d3 



number of segments, N 

Figure 14. Experimental data 20 and simulation results for 
the PPI dendrimer radius of gyration as a function of (a) 
dendrimer generation, and (b) number of segments. 

method suggested by Murat and Crest, 11 which relates 
the radial segment number, N(>) , with the distance from 
the center of mass 



Mr) = 4,-r/ 0 V 2 p.^)d/ 



(8) 



The exponent extracted from a log-log plot of N(r) is 
2.56, 2.95, 2.88, and 3.09 in order of increasing genera- 
tion G. The it I himK »ik' 1 i iht\ at G3 is 
consistent with the results of Figure 4: the tetrahedra! 
structure of these dendrimers allows them to fill space 
more effectively than their GA counterparts. The fractal 
dimensions are presumably higher than those of Mans- 
j 1 > i i (i ' < n d) i I 
closer to the ones calculated by Murat and Crest. 11 The 
value of 3.09 at G5 further supports the notion of a 
compact molecule at: higher generations. 

Conclusions 

W< have p rfoi meci m< 1 > ul.it vt i iiul 
on dendrimers of generations two through five in the 
molten state. The properties im i . , ■< _ i 

insight on the internal organization of the dendritic 
molecule. In particular, the determination of spacer 
expansion demonstrates that there exists a critical 
generation (G5 in the case of PPI), at (and beyond) 
which the outward extended dendra of the lower gen- 



Maavmolecules, Vol. 35, No. 5, 2002 



Polypropylene inline) Dendrimers 1821 



i . , p n Li ] 'i e.l in aback- 

folded arrangement. The end group density distribution, 
which shows the reinforcement of the regions close to 
the center of mass and the periphery, completes a 
picture of dendrimers of higher generations comprising 
heavily extended and back folded branches. We specu- 
l i i i] limi ig generations the bimodal dis- 
tribution prevails. 

The overall density profiles exhibit a mi) decrease 
from the center of mass toward the surface of the 

U (.<< til* / IIM il <■• II 1 < il v' ')( 1< I M , l(»Idm< 

becomes evident, the density shows a sharp well near 
the core and a smooth decay on the molecular periphery, 
iiiH«i i iij'tt (i 1p, d i i ) i 1 1 i i slope Related to the 
d<n il\ i 1 k it fnieiu of the dendra, which 
appears to grow with generation, albeit at an ever- 
ikfuvi-.ni" rale, suppoilmu, I he picture of a compact, 

ji.uc Idling muliuili ai die higher generations. Due to 
the higher degree of packing, interpenetration of indi- 
vidual molecules decreases with generation. Further 
evidence of space filling is provided from the variation 
of the fractal dim ( rsi n vir'n nei if ion reaching the 
spatial dimension for G5. Finally, the molecule ap- 
ptoaibes i phu i in is u « ous in generation. 
Dendrlmer size is shown to scale with the number of 

! gments as V 9 Current work focuses on the structure 
and morphology of PPI in solution. 
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